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The recent decades-long decline in East African rainfall1 suggests that
multidecadal variability is an important component of the climate of
this vulnerable region. Prior work based on analysing the instru-
mental record implicates both Indian2 and Pacific1 ocean sea surface
temperatures (SSTs) as possible drivers of East African multidecadal
climate variability, but the short length of the instrumental record
precludes a full elucidation of the underlying physical mechanisms.
Here we show that on timescales beyond the decadal, the Indian
Ocean drives East African rainfall variability by altering the local
Walker circulation, whereas the influence of the Pacific Ocean is
minimal. Our results, based on proxy indicators of relative moisture
balance for the pastmillenniumpaired with long control simulations
from coupled climate models, reveal that moist conditions in coastal
East Africa are associated with cool SSTs (and related descending
circulation) in the eastern Indian Ocean and ascending circulation
over East Africa. The most prominent event identified in the proxy
record—a coastal pluvial from 1680 to 1765—occurred when Indo-
Pacific warm pool SSTs reached their minimum values of the past
millennium. Taken together, the proxy and model evidence suggests
that Indian Ocean SSTs are the primary influence on East African
rainfall over multidecadal and perhaps longer timescales.
The 2010–2011 drought in the Horn of Africa, by some measures the
worst drought in 60 years3, is a reminder that rainfall in this politically
and socioeconomically vulnerable region can fluctuate dramatically.
Prevailing LaNin˜a conditions in the tropical Pacific were partly to blame;
EastAfrican rainfall is teleconnected to theElNin˜o/SouthernOscillation4,5
(ENSO), and the Horn of Africa experiences droughts during La Nin˜a
events and pluvials during ElNin˜o events. However, it is debatedwhether
the failure of the ‘long rains’ (the rainy seasonofMarch,April andMay) in
2011—which exacerbated the drought—is related to decadal variability in
the Indo-Pacific region1 or anthropogenic forcing1,2,6. It is critical for us to
understand the character and mechanisms that drive decadal to cent-
ennial shifts in East African rainfall if we are to evaluate future regional
projections of drought frequency and food security, but the short length of
the instrumental record fundamentally limits our ability to understand
variability on these timescales using observational data alone.
Palaeoclimate records in East Africa from the past millennium have
the potential to extend the instrumental record and reveal mecha-
nisms driving low-frequency climate variability. At present, annually
resolved, absolutely dated terrestrial archives such as tree rings are
sparse or underdeveloped in the region, but numerous lake basins in
East Africa provide sedimentary archives with sufficient accumulation
rates to resolve past-millennium climate7. Lake archives nevertheless
have a fundamental limitation: they are not absolutely dated and, if
constrained by radiocarbon (14C) dating, can have a relatively large
(,50–100-yr) temporal uncertainty due to compounded analytical
and calibration errors. This uncertainty can make the identification
of shared trends between different site archives challenging, especially
within the time frame of the past millennium.
Here we synthesize lacustrine hydroclimatic proxy records from
East Africa using a Monte Carlo empirical orthogonal function
(MCEOF) approach8 to develop a spatiotemporal view of regional
water balance during the past millennium that accounts for time
uncertainty. We use proxy data from seven different lake basins
(Fig. 1a; see Methods Summary for proxy selection criteria) that
include charcoal, run-off indicators, lake level reconstructions and leaf
waxhydrogen isotopes. The leadingMCEOFof the proxydata explains
326 6% (2s) of the variance in the data and describes the primary
regional mode of hydroclimatic variance during the past ,700 years
(Fig. 1b). For sites that load positively onMCEOF1, themode describes
a pattern of late-medieval drought (1300 to 1400) followedby a gradual
transition towards wetter conditions, culminating in peak pluvial con-
ditions from about 1700 to 1750, and a subsequent abrupt transition
back towards drier conditions that persist until modern times (1950;
Fig. 1b). Sites that load negatively on MCEOF1 show the opposite
pattern and are dry during the eighteenth-century pluvial.
Some of the major features of MCEOF1, such as the medieval
drought and the eighteenth-century pluvial, have been discussed and
identified in previous site-specific studies9,10 and are also evident in
some of the individual proxy data time series (Fig. 1a). Our analysis,
however, identifies the spatial patterns of these features as well as their
associated uncertainties. The spatial loading patterns of MCEOF1
clearly indicate that the sites closer to the eastern coastal/Horn of
Africa region vary in antiphase with the interior Rift Valley sites
(Fig. 1c). Although EOF analysis imposes a constraint of orthogonality
that can complicate the interpretation of loading patterns in a climatic
sense11, this Horn–Rift dichotomy is consistent with convergence
anomalies that occur in East Africa in response to altered Indian
Ocean SST gradients12, and also approximates the spatial pattern of
the first EOFof 10-yr low-pass-filtered instrumental rainfall data in the
region (Fig. 1 and Supplementary Information). These features suggest
that the loading pattern in MCEOF1 represents a real and important
aspect of climate variability in East Africa that has dominated hydro-
climate during the past millennium on the multidecadal timescale.
To explore the possible climaticmechanismsdriving this variability, we
analyse the relationship between annual precipitation in easternmost
Africa—the coastal area that loads positively on MCEOF1—and SSTs
in millennium-long control simulations conducted with fully coupled,
atmosphere–ocean general circulation models (AOGCMs). These simu-
lations provide sufficient degrees of freedom to investigate unforced, dec-
adal to centennial climate variability, something that cannot be achieved
with instrumental data ormodel simulations spanning only a few centur-
ies. We use the 1,300- and 3,000-yr control runs from the US National
Center for Atmospheric Research (NCAR) CCSM413 AOGCM and the
Geophysical Fluid Dynamics Laboratory (GFDL) CM2.114,15 AOGCM,
respectively.Bothmodels correctly simulate theENSO-driven teleconnec-
tion between tropical Indo-Pacific SSTs andEastAfrican rainfall apparent
in the instrumental record, although the correlation is stronger in the
former than in the latter (Supplementary Fig. 3). To isolate low-frequency
relationships, we apply a 50-yr low-pass filter to both the SST and the
precipitation field, in line with the highest frequency recovered in
MCEOF1 (Supplementary Fig. 4), and calculate the field correlations
(Fig. 2). We find that although the central and eastern Pacific influence
on East African rainfall is strong in the annual fields, it disappears on
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decadal and longer timescales (Fig. 2 and Supplementary Fig. 5). The only
significant correlations that remain in the 50-yr low-pass-filtered field
represent the association ofwet conditionswithwarmSSTs in thewestern
Indian Ocean and cool SSTs in the eastern Indian Ocean and western
Pacific warm pool (Fig. 2).
Changes in model atmospheric vertical velocity are consistent with
the changes in SSTs and provide insight into the mechanisms linking
the surface ocean to rainfall variability. Figure 3 shows longitude–
height cross-sections of vertical velocity correlated with East African
precipitation for the GFDL CM2.1 model. For the unfiltered data
(Fig. 3a), wet conditions in East Africa are associated with a reorga-
nization of the Walker circulation throughout the tropics, with ano-
malous rising motion over the central and eastern equatorial Pacific,
descending motion over the far western Pacific and eastern Indian
Ocean, and another cell of anomalous rising motion over the western
Indian Ocean and East Africa. These correlations are typical of ENSO
and are consistent with patterns of low-level wind anomalies driven by
the SST gradients and associated atmospheric heating anomalies. In
contrast, the low-pass-filtered vertical velocity correlations show that
on multidecadal and longer timescales the tropical Pacific influence is
considerably weaker (Fig. 3b). Instead, East African precipitation
anomalies are controlled by a Walker circulation anomaly that is
localized over the Indian Ocean, with wet conditions associated with
ascending motion over East Africa and the western Indian Ocean and
descending motion over the eastern Indian Ocean.
Collectively, these simulations imply that changes in Indian Ocean
SSTs or the Indian Ocean SST gradient—and not the Pacific SST
gradient—are the dominant influence on East African rainfall onmul-
tidecadal and longer timescales. Such changes in SSTs act to weaken or
strengthen the Walker circulation in the Indian Ocean basin, thereby
causing multidecadal pluvials or droughts, respectively. The Pacific
influence on East African rainfall decays beyond the 10-yr timescale
(Supplementary Fig. 5), probably reflecting the waning influence
of interannual ENSO. Indeed, analysis of the power spectra of the
simulated SSTs in the Pacific and Indian ocean basins, respectively,
suggests that the central Pacific Ocean has relatively little spectral
power in the multidecadal band whereas both the eastern and western
Indian Ocean basins retain relatively more low-frequency power
(Supplementary Fig. 6). These low-frequency oscillations are clearly
capable of affecting the Walker circulation in the Indian Ocean basin
independently of the Pacific, lending credence to, as well as extending,
previous work suggesting that the Indian Ocean directly affects East
African hydroclimate even in the interannual band12,16.
Changing Indian Ocean SST gradients may have dictated the evolu-
tion of East African hydroclimate during the past millennium.
Independent proxy evidence of Indian Ocean SSTs would provide
the most salient means of investigating this, but proxy SST records
from the Indian Ocean basin over the past millennium are so far
limited to coral archives that span at most the past few centuries.
However, a recent sedimentary reconstruction from the Makassar
strait provides a continuous SST record for the western Pacific warm
pool over the past millennium17 and, given the known influence of the
Indonesian Throughflow on southeastern Indian Ocean SSTs16, pro-
vides an indirect estimate of temperature variability in the easternmost
portion of the Indian Ocean basin. This sedimentary reconstruction
illustrates a remarkable similarity between the temporal evolution
of Makassar SSTs and East African climate, with the coldest SSTs
of the past millennium coeval with the coastal pluvial evident in
MCEOF1 (Fig. 4). These palaeoclimate data support the mechanistic
link between eastern Indian Ocean SSTs and East African rainfall seen
in the AOGCM control runs, wherein cool SSTs in the eastern Indian
Ocean are associated with wet conditions along the East African coast.
Determination of the role of western Indian Ocean SSTs, which
are thought to be critical in terms of promoting local convergence
anomalies on the interannual basis12, awaits long and continuous
proxy SST data from the western Indian Ocean. However, it is dyna-
mically consistent with our AOGCM results that cooler conditions in
the western Pacific warm pool during the late seventeenth century and
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b Figure 1 | Results of the MCEOF proxy
synthesis. a, The seven proxy data time series
used9,10,20–28 (black lines indicate data on their
published age models) and their associated time
uncertainties (blue shading: light, 68%; dark, 95%).
Red triangles denote chronological constraints
(except for the varved Malawi and Challa data).
Lake Challa’s ‘3-proxy PC1’ is the first principal
component of three hydroclimate proxies
(Supplementary Information). Vertical axes are
oriented such that wet conditions plot upwards.
MAR,mass accumulation rate. b,MCEOF1, shown
with the median (solid blue line) and 68% and 95%
two-tailed uncertainty bounds (blue shadings)
empirically determined by 10,000 simulations.
c, Proxy loadings on MCEOF1 (coloured circles),
superimposed on the loading pattern (background
colours) of the first EOF of the 10-yr low-pass-
filtered instrumental precipitation field
(GPCCv529). Circle diameter represents the
loading value; circle colour represents the lower
68% bound (inner circle), median (middle circle)
and upper 68% bound (outer circle).
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the early eighteenth century helped reduced the east–west gradient in
Indian Ocean SSTs, weakened the Walker circulation and promoted
pluvial conditions in coastal East Africa and drought in the interior Rift
Valley. As the AOGCM simulations demonstrate, such multidecadal
modulations of SSTs and East African climate can occur as part of
natural, unforced climate variability, leaving open the possibility that
the pluvial event in coastal Africa was at least in part a result of internal
variability. However, the pluvial event and the cool conditions in the
warm pool do occur during one of the coldest intervals of theNorthern
Hemisphere Little Ice Age18 and thus may be part of a global climate
reorganization in response to radiative forcing.
This work presents an analysis of the spatial and temporal character of
East African hydroclimate on decadal to centennial timescales, based on
bothpalaeoclimatedata and climatemodel simulations. In contrast to the
dominant impact of ENSO on interannual rainfall variability, variations
in the SST gradient across the Indian Ocean—which alter the Walker
circulation—seem to be the principal control on hydroclimate in East
Africa on multidecadal timescales. Whereas previous interpretations of
palaeoclimate data from East Africa typically invoked ENSO or ENSO-
like controls on East African precipitation10, our analysis suggests that
palaeoclimate data that preferentially or exclusively record multidecadal
or longer climate variability may be better understood in the context of
the Indian Ocean, which has its own agency at lower frequencies.
The modelling simulations demonstrate that multidecadal oscilla-
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Figure 3 | Field correlations between simulated East African precipitation
and vertical velocity. 1Data are from the GFDL CM2.1 simulation.
Precipitationwas averaged as in Fig. 2 and then correlated with vertical velocity
(v; positive values indicate descending motion; averaged over the 5u S–5uN
latitude band) across the atmospheric pressure field. a, Annual field, showing
only values for which a null hypothesis of no correlation can be rejected at the
5% level. b, 50-yr low-pass-filtered field. Heavy black contours demarcate
regions in which a null hypothesis of no correlation can be rejected at the 5%
level. Light contours represent mean-annual simulated v (hectopascals per
day), indicating the locations of the ascending and descending branches of the
Walker circulation. IPWP, Indo-Pacific warm pool.




































Figure 4 | Comparison between East Africa MCEOF1 (blue) and an SST
reconstruction from the Makassar strait in the western Pacific warm pool
(orange)17. The right-hand axis is flipped such that cooler conditions plot
upwards. Shading on MCEOF1 indicates the 68% (dark) and 95% (light) two-
tailed uncertainty bounds, as in Fig. 1. Shading onMakassar SSTs indicates the
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Figure 2 | Field correlations between simulated East African precipitation
and SSTs. East African precipitation was averaged over the area spanned by
5u S–7uN and 36u–46uE, and then correlated with SSTs from long control
simulations conducted with the NCAR CCSM4 AOGCM and the GFDL
CM2.1AOGCM, respectively. a, Annual correlations; b, 50-yr low-pass-filtered
correlations. Black contour lines demarcate regions in which a null hypothesis
of no correlation can be rejected at the 5% level. r, Pearson correlation
coefficient.
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variability, but the palaeoclimate data hint at a forced response in that a
cooler western Pacific warm pool and a coastal East African pluvial are
associated with the Little Ice Age. Efforts to explain the recent decadal
drought in the region and project future hydroclimatic change, whether
forced or unforced, must acknowledge the existence of potent low-
frequency hydroclimate variability related to the Indian Ocean that is
not detectable from the instrumental record alone. Present climate
models predict that East Africa will get wetter as a consequence of
increasing concentrations of greenhouse gases19, but the region has in
fact gotten drier in recent decades1. This discrepancy could be explained
either if a naturally occurring dry period, possibly of the type identified
here, is obscuring a radiatively forced wetting trend or if the model
projections are incorrect. More reliable projections of hydroclimate in
this vulnerable region will require a better understanding of regional
hydroclimate variability on decadal and longer timescales, how the
regional climate responds to radiative forcings and how these two fac-
tors will combine to determine the future hydroclimate of East Africa.
METHODS SUMMARY
Seven palaeoclimate records of relative water balance from the East African region
were included in the MCEOF synthesis, on the basis of the following criteria: the
proxyprimarily reflects hydroclimate; the proxywasmeasured at a time interval of 50
years or less; the age model is based on at least seven age–depth tie-points; there is at
least one proxy data point representative of modern (post-1950) conditions; and the
archive has a well-constrained stratigraphy free of reworking, large turbidites and
sedimentary hiatuses. The MCEOF method, which is fully described in ref. 8, was
applied to thedatawith thenumber of simulations set to 10,000 (ref. 8). Palaeoclimate
data and age constraints were treated as described in ref. 8 with the exception of data
from Lake Challa, in which case the first principal component of the three available
hydroclimate proxy time series was used (Supplementary Information).
The GFDL CM2.1 model’s14 pre-industrial control simulation spans 3,000 years
and uses an atmospheric resolution of 2u latitude by 2u longitude by 24 vertical levels
and an oceanic resolution of 1u latitude (increasing to 1/3u near the equator) by 1u
longitude by 50 vertical levels. The NCAR CCSM4 model’s13 pre-industrial control
simulation spans 1,300 years and uses an atmospheric resolution of 1u latitude by 1u
longitude by26vertical layers and anoceanic resolution of 0.54u latitude (increasing to
0.27u near the equator) by 1.11u longitude by 60 vertical levels. Formodel analyses, we
averaged precipitation over the area spanned by 5u S–7uN and 36u–46uE. Annual
precipitation, SST and vertical velocity (for the GFDL simulation) fields were filtered
with an eight-point Butterworth filter before calculating the correlation coefficients
of the low-pass-filtered fields in Figs 2 and 3. All annual fields were calculated from
monthly means. For further details regarding the model analyses, see Supplementary
Information.
Data from this paper is available from NOAA’s World Data Center for
Paleoclimatology (www.ncdc.noaa.gov/paleo).
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